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HARMONIC TRANSDUCER 
ELEMENT STRUCTURES AND 

PROPERTIES 

H Background of Invention 

y [0001] Ultrasound probes for medical imaging support typically up to 90% relative 
bandwidth. In ultrasound imaging the bandwidth in absolute terms is directly 



m 



proportional to the achievable range resolution, whereas the ultrasound center 
frequency is inversely related to the achievable imaging range. High relative 
bandwidth is therefore desirable to obtain high range resolution at good image range. 
To image the human hearts of adults, children, and small babies, for example, it is 
often necessary to have three different probes with typical center frequencies of 
2.5Mhz, 5Mhz, and 9Mhz. With wider band probes, the range needed for these 
applications may be covered with two probes and, in addition, have more flexibility to 
optimize the transmit signal and the receive filtering to the requirements encountered 
in each imaging situation. 

[0002] A limitation in the use of Doppler for measuring blood velocity and/or motion of 
tissue is often detection sensitivity, whereas the spatial resolution required for good 
tissue imaging is of less importance. One may wish to have the Doppler centered at, 
for example, 2Mhz, whereas the imaging could be at frequencies ranging up to 5Mhz, 
which can only be accomplished with probe bandwidths exceeding today's standard, 
or with probes showing two passbands: one used for Doppler measurements, and the 
other for imaging. 

[0003] Deteaion of second harmonic signals generated in tissue Is used by most 

ultrasound scanners on the market today. The second harmonic ultrasound beam is 
more narrow with suppressed sidelobes compared to the fundamental frequency 
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beam- By enhancing the second harmonic signal and suppressing the fundamental in 
the receiver, the image quality is significantly improved. For optimum performance, 
the ultrasound transducer should be able to cover the fundamental frequency and the 
second harmonic frequency, both with high bandwidths. 

[0004] It has been proposed by researchers that detection of ultrasound contrast agents 
could be significantly enhanced by using the strong nonlinear generation of the 
reflected ultrasound from contrast agents. The differentiation of contrast agent from 

rd th 

tissue would be significantly improved by detecting the 3 and 4 harmonic of the 
fundamental ultrasound frequency. 

[0005] The above ultrasound applications require transducer technology which are either 
extremely wideband, or which can manage different frequencies in the transmit and 
the receive mode. 

[0006] Current probe technologies are limited to bandwidths ranging from about 70% to 
90%. In harmonic imaging, for example, the center frequency of the transmit pulse is 
positioned on the low frequency side of the transducer pass band. The second 
harmonic will then be positioned on the upper side of the probe pass band. The result 
is that the transmit pulse and the received harmonic pulse are both distorted In the 
transducer. The distortion leads to extended pulse duration with loss of range 
resolution in the image. Moreover, the distortion also causes irrecoverable loss of 
imaging sensitivity. The manufacturing variability in probe center frequency and 
bandwidth leads to variations in image quality, and to variation in insertion loss of the 
second harmonic detection. There is today no probe technology commercially 

rd th 

available for the detection of 3 and 4 harmonic frequencies. 

[0007] Another important issue in harmonic enhanced image quality is the need to 

suppress harmonic frequencies in the transmit signal. The image quality advantage is 
obtained almost solely from harmonics generated in tissue. Transmitted harmonic 
signals will have more or less the same sidelobes as the fundamental frequencies, and 
the advantage to the image quality of a narrow beam is lost. Thus there is a need for a 
transducer and transmitter that are designed together to obtain transmit pulses which 
are optimum for harmonic imaging.' 
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[0008] The reflected signal from tissue contains frequencies from the fundamental and 
from the harmonics. Near the probe, the harmonic has not been able to develop, and 
most of the energy is on the fundamental frequency. Deeper into the body (typically 
beyond one centimeter or so) the harmonic signal has developed to provide a strong 
echo which can be extracted from the fundamental in the receiver to give the image 
quality improvements. At large depths, the second harmonic Is more heavily 
attenuated than the fundamental, and most of the reflected energy is on the 
fundamental frequency. Since the ratio of harmonic to fundamental power Increases 
with the output transmit power, the range where the harmonic is effeaive for imaging 
will also increase with the output transmit power. The mix of energy in different 
frequency bands thus varies with the fundamental frequency, the transmit pulse 
power, the attenuation in tissue, and the imaging depth range. Therefore, the signal 
received back is so greatly modified that a simple element design is typically not 
optimum both for transmission and reception at all depths. 



[0009] One approach to harmonic imaging is described by de Jong et al. (2000 IEEE 
Ultrasonics Symposium 1 869-1876). De Jong et al. made a dual-frequency array 
transducer. The transducer comprised two types of transducer elements, the two 
types of elements having different center frequencies. The transducer had 48 of each 
kind of element, the elements being interleaved with adjacent side-by-side elements 
having a different center frequency. The De Jong et al. configuration leads to a large 
transducer footprint, which is a disadvantage in most applications. 

[001 0] Another conventional device comprises a stack of two transducers on top of each 
other. The transducers are tightly coupled acoustically because they are laminated 
Into a sandwich. Each transducer Is connected to either an instrument transmitter or a 
receiver but not to both a transmitter and a receiver. 

Summary of Invention 

[0011] 

An embodiment of the present invention comprises a transducer element for 
ultrasound transmission and reception. A first active transducer layer is connected to 
a first receiver and a first transmitter. A second active transducer layer is laminated to 
the first active transducer layer and is connected to a second receiver and a second 
transmitter. The transducer element may comprise passive circuitry wherein a first 
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pulse and a second pulse are processed by the passive circuitry so as to have one or 
more of the following properties prior to being combined into a single ultrasound 
pulse: different amplitudes, different time delays, and different shapes. Each active 
layer may be connected to a separate voltage source when the transducer element is 
in transmit mode. The transducer element may comprise a switch for switching the 
transducer element from transmit mode to receive mode. The tuning circuitries 
applied to the transducer layers in transmit may depend upon the mode of operations, 
and may for example be different for imaging, Doppler, and color flow. Likewise the 
tuning circuitries applied to the transducer layers during reception may be different 
from those applied in transmit, and the tuning circuitries may be different in different 
!f modes of operation. Switches may be used to facilitate connection to the appropriate 

tuning circuitries. 

I [0012] 

Another embodiment of the present invention comprises a plurality of transducer 
elements configured into an array to provide electronic beam steering and focusing. 
The various elements may be arbitrarily located with respect to each other. However, 
in the most common structures the transducer elements are organized in a row to 
facilitate beam steering and focusing in an arbitrary direction within a sector in a 
plane, or the transducer elements may be organized in a matrix to facilitate beam 
steering and focusing into a volume. The various elements may have different surface 
area, and/or different first and second active laminated transducer layer materials 
and/or different thicknesses. The first and second active laminated transducer layer of 
each element may be conneaed to separate independently programmable 
transmitters and receivers with separate switchable tuning circuitry. The various 
transmitters can be programmed to deliver signals with different amplitudes, different 
time delays, and different envelopes prior to becoming combined into a single 
acoustic transmit signal which is better optimized for imaging across the complete 
imaging scenario. The transducer array may comprise passive circuitry to reduce non- 
fundamental frequencies in the ultrasound pulse produced by combining the signals 
from the first and second transmitters. The transducer array may process signals from 
each active transducer layer separately to provide simultaneous display of a region 
with different receive beam forming and filtering. The transducer array may combine 
filtered and amplified receive signals from each active transducer layer before display 
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to enhance image quality. Tfie transducer array may combine filtered and amplified 
receive signals from each active transducer layer before display to display specific 
signal features. The transducer array may combine filtered and amplified receive 
signals from each active transducer layer before display to display harmonic frequency 
generation and imaging of contrast agents within tissue. 

[001 3] Still further aspects of the invention include a method of transmitting an 

ultrasound pulse comprising the step of providing a transducer element having a first 
active transducer layer connected to a first transmitter and a second active transducer 
layer laminated to the first active transducer layer and connected to a second 
transmitter. Other steps include transmitting a first signal into the first active 
transducer layer and transmitting a second signal into the second active transducer 
layer. 

[001 4] Another aspect of the present invention Is a method of transmitting and receiving 
an ultrasound pulse. The method may include the step of providing a transducer array 
comprising a plurality of transducer elements wherein at least two transducer 
elements comprise a first active transducer layer connected to a first receiver and a 
second active transducer layer laminated to the first active transducer layer and 
connected to a second receiver. Additional steps may include transmitting a first 
signal into the first active transducer layer of at least two transducer elements, 
transmitting a second signal into the second active transducer layer of at least two 
transducer elements, wherein the first and second active layers of the transducer 
elements transmit an ultrasound pulse, filtering and amplifying a first signal in the 
first receiver of at least two transducer elements, filtering and combining the signals 
to form a first focused signal, filtering and amplifying a second signal in the second 
receiver of at least two transducer elements, filtering and combining the signals to 
form a second focused signal, and then optionally additional filtering of the two 
focused signals before the signals are combined into a final focused signal. 

Brief Description of Drawings 

[0015] ^ 

The foregoing summary, as well as the following detailed description of the 
preferred embodiments of the present invention, will be better understood when read 
in conjunction with the appended drawings. For the purpose of illustrating the 
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preferred embodiments of the present invention, there Is shown in the drawings, 
embodiments which are presently preferred- It should be understood, however, that 
the present invention is not limited to the arrangements and instrumentality shown in 
the attached drawings. 

[001 6] FIG. 1 depicts a sectional view of a transducer element formed in accordance with 
one embodiment of the present invention with tuning circuitry shown schematically. 

[001 7] FIG. 2 is a table of properties of the parts comprising the transducer element of 
FIG. 1. 

[001 8] FIG. 3 is a graph of the shape of the exciting pulse for the transducer elements of 
U FIG. 1. 



[001 9] FIG. 4 is a graph of the frequency responses for the transducer element of FIG. 1 
jfl and a filter response. 



u ■ 
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[00201 FIG. 5 is a graph of sound pressure in water/tissue when the response v and the 

tr 

pulse shape shown in FIG. 3 is used in transmission. 



*' ' ' d 

[0021] g ^ graph of the shape of the 2 " harmonic signal in tissue, as derived 

fll f^'Of" ^he pressure shape shown in FIG. 5 using the procedure given by Eq. (2). 

[0022] FIG. 7 is a graph of a received first harmonic signal from the pressure in FIG. 5, 
when using the response Bl 1 in reception. 

[0023] Pig 8 \sa. graph of received 2 harmonic signals from the signal shown in FIG. 6 
in two cases. 

[0024] FIG. 9 depicts a seaional view of a transducer element formed in accordance with 
another embodiment of the present invention with tuning circuitry shown 
schematically in transmission mode. 

[0025] FIG. 1 0 depicts a seaional view of a transducer element formed in accordance 
with another embodiment of the present invention with tuning circuitry shown 
schematically in transmission mode. 



[0026] 



FIG. 1 1 depicts a sectional view of the transducer element and tuning circuitry of 
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FIG. 9 shown in reception mode. 

[0027] FIG. 1 2 depicts a sectional view of the transducer element and tuning circuitry of 
FIG. 1 0 shown in reception mode. 

[0028] FIG. 1 3 depicts a schematic of a transducer array formed in accordance with an 
embodiment of the present invention. 

Detailed Description 

[0029] An embodiment of the present invention is shown in FIG. 1 and may be used for 
optimizing second harmonic or "oaave" imaging or for other uses. 

[0030] FIG. 1 shows schematically a vertical cut through an element 20 of one of the 
embodiments of the present invention. The element 20 of FIG. 1 includes first and 
second transformer layers 23, 25. Alternatively, a single transformer layer may be 
used in the element 20. Following the transformer layers 23, 25 are a first metal layer 
27, a first PZT-B composite layer 29, a second metal layer 31 , and a second PZT-B 
layer 33. The poling directions of the first and second PZT-B composite layers 29, 33, 
active layers, are shown by arrows and may be different than shown in FIG. 1 but 
should be opposite one another. A third metal layer 35 is positioned between the 
second PZT-B layer 33 and a first PZT-A layer 37. A fourth metal layer 39 is 
positioned between the first PZT-A layer 37 and a second PZT-A layer 41 . The poling 
directions of the first and second PZT-A composite layers, active layers 37, 41, are 
shown by arrows and may be different than shown in FIG. 1 but should be opposite 
one another. The designation of the PZT layers as A and B layers is to signify two 
different pairs of aaive layers, but does not mean particular differences. A fifth metal 
layer 43 is positioned between the second PZT-A layer 41 and a backing layer 45. The 
bacl<ing layer 45 is assumed to absorb all energy emitted into it. 

0031] 

The structure of tuning circuits 47 and electrical connections 49 to the transducer 
element 20 are also shown in FIG. 1 . Suitable acousto-electric properties of the 
different layers in the structure are given in the table shown in FIG. 2. The resistances 
RIsa 51 and RIsb 53 are (a) the input impedances of amplifiers when the transducer 
element 20 is in receive mode or (b) the output impedances when the transducer 
element 20 is in transmit mode. Lsa 55 and Lsb 57 represent inductors in the probe. 
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Ccb 59 and Cca 61 represent the capacitances of a cable connected to the probe. 
Acousto-electric properties in other transducer elements having a similar arrangement 
to the arrangement of FIG. 1 may differ significantly from the properties shown in the 
table in FIG. 2, which is only one example of properties, 

[0032] In receive mode, signals from each layer A 37, 41 and each layer B 29, 33 in FIG. 
1 , are preferably focused in independent focusing electronics before the signals are 
filtered and combined. Having two layers for A (37, 41) and two layers for B (29, 33), 
rather than a single layer for each, lowers the electrical impedance of each active 
transducer layer because the two A layers 37. 41 are in parallel and the two B layers 
29, 33 are in parallel. This configuration with the two A layers and the two B layers 
may simplify implementation of matching circuitry for some applications. 

[0033] By focusing before the signals are combined, the focused signals may undergo 
one or more of the following before the focused signals are added: weighting, 
delaying, phase shifting and filtering. Struauring the processing in a way that at least 
some processing is performed prior to combining the signals will help attain optimum 
amplitude response and noise properties of the combined signal. In addition to 
shaping the output signal for desired properties, the filtering, which is optional, may 
also serve to remove noise contributions from frequency regions in the signal from 
one layer where the contribution to useful signals is small. 

[00341 A structure similar to the embodiment of FIG. 1 may also be optimized for other 
purposes, such as reception on the third harmonic of the transmit frequency, or to 
deal with the mismatch between high element impedances and large cable 
capacitances often seen in 1 .5D and 2D imaging systems. 

[0035] frequency response and other performance features of the embodiment of 

FIG. 1 are shown in FIGS. 3-8. FIG. 3 is a graph of the shape of the exciting pulse for 
the transducer element 20 of FIG. 1 . FIG. 4 is a graph of the frequency responses for 
the transducer element 20 and a filter response. Al 1 and Bl 1 are the responses for 
the double elements A 37, 41 and B 29, 33 with their nominal 1 00-Ohm load. The 
curve marked 0,25*A1 1 +B1 1 shows the shape of the response v ( o) ) as given in 
Eq.(l) below. The curve marked "Filter Response" shows the amplitude response of a 

nd 

linear phase filter used in the simulation of reception of a 2 harmonic response, 
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see FIG. 8. 



[0036] FIG. 5 is a graph of sound pressure in water/tissue when the response v ( u) ) 

tr 

and the pulse shape shown In FIG. 3 is used in transmission. FIG. 6 is a graph of the 

shape of the 2 harmonic signal in tissue, as derived from the pressure shape 
shown in FIG. 5 using the procedure given by Eq. (2). FIG. 7 is a graph of a received 

first harmonic signal from the pressure in FIG. 5, when using the response Bl 1 in 

reception. 

[0037] g ^ graph of received 2 harmonic signals from the signal shown in FIG. 6 

in two cases. In case 1 , only the response Al 1 is used in reception and the received 
signal is marked "Unfiltered." In case 2, the response Al 1 combined with the filter 
response shown in FIG. 4 and marked "Filter response" is used in reception and the 
resulting received signal is marked "Filtered." 

[0038] FIGS. 3-8 show the transmit pulse, the frequency response of the system, and 

different pulse shapes in the system when used in a way which gives an output signal 
which comprises only the second harmonic signal generated in tissue, FIG. 8, and the 
echoes without any second harmonic generation in FIG. 7. The effect on the received 
pulse shape of adding a filter (see FIG. 4) to further suppress the first harmonic signal 
component in the second harmonic output signal is also shown (FIG. 8). In this case, 
the transmit pulse is applied to both layers, but with different weights and no 
difference in time delay. The relative weight given to active layers A 37, 41 compared 
to active layers B 29, 33 is A = 0.25, which gives a frequency response in 
transmission V ^ given by: 

Vir(6>) = Aft.Va(a>)+V^<i>) (1) 

where v ( a; ) is the response of active layers A 37, 41 with active layers B 29, 33 
a 

connected to RIsb (Al 1), and v ^ ( cc; ) is the response of active layers B 29, 33 with 
active layers A 37, 41 conneaed to RIsa (Bl 1 ). Note that the curve in Fig. 4 does not 
show the level of the insertion loss of this response, only its shape. 

[0039] Depending on the range, different combinations of the received pulses shown in 
FIG. 7 and FIG. 8 may be used, to give the optimum picture quality. This requires 
range-dependent combination of the two responses. 
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[0040] 



In the calculations, the generation of the second harmonic signal is done as 



follows: a pressure p^c) which is zero for f <0 was assumed, and the Fourier transform 
was taken to obtain the spectrum P{ oo ). The pre-envelope, p (tj of the signal was 



computed as the inverse Fourier transform of only the spectrum for positive (v . The 
second harmonic of the pressure signal, p ^(t) , was then obtained as the real part of 
the pre-envelope squared (see equations below). The procedure as given here does 
not give the correct magnitude of the second harmonic signal. 



[0041 ] In embodiments of the present invention, the active transducer layers may each 

have different properties. For instance, active A layer 37 may have different properties 
from active A layer 41 . Active B layer 29 may have different properties than active B 
layer 33. One or both of the active A layers 37, 41 may have different properties than 
one or both of the active B layers 29, 33. Varied properties may include, but are not 
limited to, one or more of the following: acoustic properties, thicknesses, PZT 
materials. Alternatively, A and B active layers 29, 33, 37, 41 may have identical 
properties. The B active layers 29, 33 are connected to a transmitter and receiver, and 
the A active layers 37, 41 are connected to a transmitter and a receiver. The 
transmitter and receiver filters of the active A layers 37, 41 may be different from the 
transmitter and receiver filters of the active B layers 29, 33. By applying different 
transmit signals to the various active layers in the transducer stack, a resulting 
combined output ultrasound signal which is more optimum for many applications may 
be synthesized. 

[0042] 

Some embodiments of the present invention achieve large bandwidths, as is 
desired in harmonic imaging. Some embodiments of the present invention comprise a 
transducer element that is divided into several layers which are connected to separate 
transmitters with separate tuning circuitry or receivers with separate tuning circuitry. 
An example with two layers is given below. It is directed toward harmonic imaging, 
transmitting on the first harmonic around 1 .67 Mhz and receiving on the second 



/>(fi>)=£*77(0exp(ifi)r)J/ 
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[0043] If the acoustic output O . (f) from an electric signal E . (f) applied to transducer 
layer "i" through an electric tuning circuitry D . (f) is 

Oi{f)=Di{f)xTi(f)xEi{f) (3) 

where T . (f) is the transducer transmit transfer function, the overall response will be 

0(f)=Sumoveriof{Di(f)xTi(f)xEi(f)} (4) 

[0044] In some embodiments, it is possible to switch between different tuning circuits in 
transmission to obtain output signals with different characteristics. Likewise, the 
various layers in the stack may be connected to separate receivers with separate filter 
functions and gains before the receiver outputs are coherently combined to yield the 
desired output signal. If the input acoustic signal to the receive transducer is U(f), the 
transfer function of transducer layer "i" is R . (f), the filter and gain function applied to 
the layer signal is G . (f), the combined receiver output M(f) is: 
M(f) = Sumoveriof{Gi(f)xR|{f)xU(0} (5) 

[0045] In some embodiments, parallel output channels with different G . 's may be used 
to obtain output signals with different characteristics. 

[0046] In some embodiments of the present invention, the two-transducer layers are 
connected to separate transmitters and receivers. The two transmitters and the two 
receivers may be synchronized in such a way that the resulting combined ultrasound 
transmit pulse and the combined electric receive pulse are optimized for harmonic 
frequency imaging. 

[0047] Assume that each one of the two transducer layers have transmit impulse 

responses ofT ^ (f) and T ^ (f) respectively, and likewise receive impulse responses R 
^ (f) and R ^ (0- To optimize the overall performance the output ultrasound pulse may 



be: 



0(f>- Ti(OxDi(f)xEi(f) + T2{f)xr>2(0xE2(f) (6) 



where D ^ (f) and D ^ (f) are electric tuning responses, and E ^ (f) and E ^ (f) are the 
input signals from each separate transmitter chosen to optimize 0(f). Generally E (f) 
and E 2 (f) are complex signals with different amplitudes and phases. 
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[0048] A receive signal M(f) which is a complex sum of the receive signals from the two 
transducers may be formed: 

M(f) - [Gi(f) X R,(f) + G2(f) X R2(f)] X U(f) (7) 
where G ^ (f) and G ^ (f) are complex weighting functions given to the signal from 
each transducer layer before the signals are summed together, 

[00491 In a realistic imaging situation, E ^ (f) and E ^ (f) may be chosen to give an 0(f) 

which is a short ultrasound pulse for excellent range resolution and free of harmonic 

frequency components. G ^ (f) and G ^ (f) will be chosen to optimize the harmonic 

signal. However under certain circumstances such as in the near field or in the far field 

it may be desirable to include a component of the reflected signal on the fundamental 

frequency. Then two separate receive functions M and M may be formed which 

12 

represent respectively the fundamental and second harmonic component which may 
then be combined to the yield the final image. 

[0050] The principle may be extended to more than two transducer layers. In the case of 
N layers the summation will be: 

O©- Sum over n[Ta(f)xD„{f)xE„(f)]. (8) 

and 

M(f) - Sum ovtt n {G„{f) x iU(f)} x XJ(f). (9) 



[0051] 



Figure 9 shows an alternative embodiment of the present invention. A transducer 

element 65 in FIG. 9 comprises the following layers: a first X /4 transformer 67, a 

second A /4 transformer 69, a first metal layer 71 , a PZT-B layer 73, a second metal 

layer 75, a PZT-A layer 77, a third metal layer 79, and a backing 81 . A single 

transformer layer may be used in place of the first and second transformer layers 67, 

69. The poling direction of the two PZT layers 73, 77, the active layers, may be in 

either direction. The first metal layer 71 is connected to passive circuitry y ^ 83 such 

as an inductor, capacitor and/or resistor, y ^ 83 comprises matching circuitry. The 

third metal layer 79 is connected to passive circuitry y 85 which may be different 

than or the same as y 83. In transmission mode, as seen in FIG. 9, y 85 and y 83 
2 12 

are conneaed to respective matching circuitry M ^ 87 and M ^ 89. Voltage sources E ^ 
91 and E ^ 93 provide alternating signals complex pulse forms to respective matching 
circuitry (M ^ 87 and y ^ 85) or (M ^ 89 and y ^ 83) resulting in transmission of an 
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ultrasound pulse through the transducer element 65, as indicated by the 0(f) arrow 
upward. 

[0052] The metal layers 71 , 75, 79 are primarily electrical contacts between the active 
layers 73, 77 and the matching circuitry. The metal layers 71 , 75, 79 may also have 
some effect on the frequency response of the transducer element 65. The material 
parameters listed in the table of FIG. 2 for the embodiment of FIG. 1 are generally 
suitable for the embodiment of FIG. 9. One change, however, would be the thickness 
of the active layers 73, 77. For the embodiment of FIG. 1 , each active PZT-A layer 37, 
41 had a thickness (I) of about 1 40 u m whereas the thickness (I) of the active PZT-A 

j.* layer 77 in the embodiment of FIG. 9 would be about twice as thick or about 280 u m. 

Q Parameters other than those shown in the table of FIG. 2 may also be suitable for the 

^.ft embodiment of FIG. 9. 

w 

\fl [0053] The frequency transfer function in transmission for the embodiment of FIG. 9 may 
; then be written 

si 

M,Yi=Di(f)xTi(f)aiidM2Y2=D2(f)xT2(f) (10) 
fU where f is the frequency, D and D the electronic tuning circuitry responses, and T 

fn _| and T 2 are the transmit transfer functions of the active transducer layers 1 and 2. 

rl 

[0054] The matching circuitry elements M ^ 87, y ^ 85 . g ^ 95, M ^ 89, y ^ 83 and g ^ 
97 are frequency dependent. Because the matching circuitry for the first active 
transducer layer 73 is separate from the matching circuitry of the second active 
transducer layer 77, one or more of the following may be performed before the 
signals are added: separate focusing, weighting, delaying, phase shifting and filtering. 

[0055] A switch 82 or 84 may be in the probe (not shown) or on the instrument side of 

the cable. If the switch 82 Is on the Instrument side, then y 2 83 and Y ^ 85 include 
the cable and the electronics in the probe on either side of the cable, if the switch 82 

or 84 is in the front of the probe, the cable will be in g 97 and also part of M 89 

2 2 

(and g ^ 95 and M ^ 87). 

[0056] 

FIG. 1 1 illustrates the same transducer element 65 as shown in FIG. 9 but in 
reception mode rather than transmission mode. After an ultrasound pulse is sent, the 
switches 82 and 84 are moved so that echoes may be received. For ease of 
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understanding, the matching circuitry of FIG. 1 1 is shown to have the same general 
matching circuitry elements as the matching circuitry of FIG. 9 (i.e., M ^ ' 2 ' ^ 1 ' ^ 
2 ' Y ^ » Y 2 The response represented by the elements y ^ and y ^ , however, are in 
general different in transmission (FIG. 9) from in reception (FIG. 1 1). The differences 
result, in part, from the change in load impedances between transmission and 
reception, M ^ vs. g ^ . but it may be desirable for other reasons also to switch 
components in y ^ when turning the transmission /reception switch. In reception 
mode, the matching circuitry is defined by: 

Gi^Jigi whore g or yj includes the probe cable. (1 1) 

G is the overall receive transfer functton. 

[0057] In reception mode, ultrasound echoes U(f) are received by the transducer element 
65. The electrical signals R ^ 1 08 and R ^ 11 0 generated at the transducer contacts 
79 and 71 depend on the transfer functions of the transducer as well as the electrical 
impedances represented respectively by the circuitries y ^ 85, g ^ 1 04 and y ^ 83, g ^ 
106. g ^ 104 and g ^ 106 may include filtering and amplification, and may also 
include A/D conversion in which case the summation will be a digital summation, and 
the output M(f) a digital signal. 



y f^^^^J FIG. 1 0 shows an alternative configuration of a transducer element. A transducer 
element 1 20 of FIG. 1 0 is in transmission mode and comprises a first X /4 transformer 
layer 1 23, a second X /4 transformer layer 1 25, a first metal layer 1 27, a PZT-B layer 
1 29, a second metal layer 1 31 , a PZT-A layer 1 33, a third metal layer 1 35, and 
backing 1 37. A single transformer layer may be used instead of two layers. The poling 
directions of the two PZT layers 1 29, 1 33, the active layers, may be in either direction. 
The first and third metal layers 127, 1 35 are connected to respective first and second 
cables 140, 142. In transmission mode, the first and second cables 140, 142 are 
switched to be connected to respective voltage source E ^ 144 and E ^ 146. Voltage 
sources E ^ 146 and E ^ 144 provide alternative signals or pulses. Voltage sources E ^ 
1 46 and E 2 1 44 provide power to respective third and first metal layers 135.127 
resulting in transmission of an ultrasound pulse through the transducer element 1 20, 
as Indicated by the 0(f) arrow upward. The ultrasound pulse is the sum of the pulses 
produced by the independent voltage sources E ^ 146 and E ^ 144. The material 
parameters listed in the table of FIG. 2 for the embodiment of FIG. 1 are generally 
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suitable for the embodiment of FIG. 1 0. One change, however, would be the thiclcness 
(I) of the active layers 1 29, 1 33. For the embodiment of FIG. 1 , each active PZT-A layer 
37, 41 had a thickness (I) of about 1 40 u m, whereas the thickness of the active PZT-A 
layer 1 33 in the embodiment of FIG. 1 0 would be about twice as thick or about 280 u 
m. Parameters other than those shown in the table of FIG. 2 may be suitable for the 
embodiment of FIG. 1 0. 

[0059] FIG. 1 2 is the same embodiment as shown in FIG. 1 0, however, FIG. 1 2 depicts 
reception mode. Soon after an ultrasound pulse is sent, switches 1 50 and 1 54 are 
moved so that echoes may be received. In reception mode, the first and second cables 

1 40, 1 42 are connected to first and second amplifiers 1 64, 1 66. The amplifiers may 
be op amps. In reception mode, the transducer element 1 20 receives an ultrasound 
pulse U(f) that is transmitted through the first and third metal layers 1 27, 135, 
through respective first and second cables 140, 142 and through respective first and 
second amplifiers 1 64, 1 66. The signals exiting the first and second amplifiers 1 64, 
166 are summed to produce and output. Following focusing and, in embodiments 
having digital encoding, following digital encoding, the signals are summed to 
produce output M(f). The summing step may be voltage summing or digital, 
depending on the type of signals. 

[0060] For ease of understanding, the matching circuitry of FIG. 1 1 is shown to have the 
same general matching circuitry elements as the matching circuitry of FIG.9 (i.e., 
elements are M ^ , M ^ . g ^ , g 2 , Y ^ . Y 2 )■ The response represented by the 
elements Y ^ and y ^ , however, are in general different in transmission (FIG. 9) from 
in reception (FIG. 1 1). The differences result, in part, from the change in load 
impedances between transmission and reception, M ^ws.g ^, but it may be desirable 
for other reasons also to switch components in y ^ when turning the 
transmission/reception switch. In reception mode, the matching circuitry is defined 
by: 

G . = y . 5- . where 5^ . or Y . includes the probe cable. (1 2) 



G is the overall receive transfer function. 



[0061] 



Regarding the embodiments of FIGS. 1 1 and 1 2, the first and second receivers 
may be associated with a filtering device. Analog-to-digltal conversion may be 
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performed before, after, or before and after a signal passes through the filtering 
device. The first and second receivers 1 64, 1 66 may each comprise an electrical 
filtering device to optimize a combined received pulse prior to image coding. 

[00621 Regarding the embodiment of FIG. 9, a pulse from the first active transducer layer 
73, and a pulse from the second active transducer layer 77 may be combined into a 
single ultrasound pulse. Regarding the embodiment of FIG. 1 0, a pulse from the first 
active transducer layer 1 29, and a pulse from the second active transducer layer 1 33 
may be combined into a single ultrasound pulse. The transducer elements 65, 120 
may comprise passive circuitry wherein a first pulse and a second pulse are processed 
by the passive circuitry so that prior to being combined into a single pulse at least one 
of the following is given to the pulses: different amplitudes, different time delays, and 
different shapes. The first and second transmitters 1 44, 1 46 may optimize a 



V4 combined ultrasound transmit pulse for harmonic frequency imaging by reducing 

If! 

^ frequency components beyond a fundamental frequency band in a transmitted pulse, 

or the first and second transmitters 144, 146 may optimize the combined output 



layers may be included in a transducer element. Only two aaive layers were shown in 
order to avoid obscuring the fundamental features of the embodiments of FIGS. 9-1 2. 
In a transducer element comprising more than two active layers, two or more of the 
active layers may each have matching circuitry connected thereto, allowing the 
achievement of the advantages discussed above in connection with the embodiments 
of FIGS. 9-12. 



FIG. 1 3 shows an array configuration 200 of one embodiment of the present 
invention comprising N transducer elements 205. The N transducer elements 205 may 
each be connected to circuitry such as the matching circuitry shown attached to the 
transducer elements of FIGS. 1 and 9-12. The transducer elements depicted in FIG. 13 
are connected to circuitry most similar to the circuitry of FIGS. 9 and 1 1 , but other 
matching circuitry may be suitable. Although the transducer elements 205 of FIG. 1 3 
are not shown in great detail, the transducer elements 205 have a first active layer 
210 and a second active layer 220, both of which are connected to separate tuning 




[0063] 



pulse for other applications. 



Although the embodiments of FIGS. 9-1 2 had only two active layers, more active 



[0064] 
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circuitry. 



Q 

m 



[0065] The transducer array 200 may comprise a first transducer element 205 having a 

first active layer 210 that comprises different material than a first active layer 21 0 of a 
second transducer element 205. The transducer array 200 may comprise a first 
transducer element 205 having a second active layer 220 that comprises different 
material than a second active layer 220 of a second transducer element 205. The 
transducer array 200 may comprise a first transducer element 205 having a first active 
layer 210 that comprises different material than a second active layer 220 of the first 
transducer element 205. 

[0066] A first receiver and a second receiver may have different electrical properties from 
each other in an array 200. The transducer array 200 may comprise a first active 
transducer layer 210 and a second active transducer layer 220 connected to circuitry 
having different electrical properties. The transducer array 200 may comprise a first 
active transducer layer 21 0 of a first element 205 connected to a circuit having 
different properties than a circuit connected to a first active transducer layer 21 0 of a 



W second element 205. At least two of the elements 205 of the transducer array 200 

rij 

;.|5 may be connected to separate focusing electronics to provide independent focusing 

for each layer. The elements within one active layer may be connected to separate 
focusing electronics than the next active layer to provide independent focusing for 
each active layer. (Independent focusing in each active layer is not shown in the 
figure.) Independent focusing in each active layer enables efficient processing, such as 
delay, filtering, scaling, and/or phase shifting, which are common to signals from 
elements of the same active layer. 

[0067] First and second receivers may each comprise electrical filtering capability to 
optimize a combined received pulse prior to image coding. The first and second 
transmitters and passive circuitry may be designed to modify respective first and 
second signals to reduce the non-fundamental frequencies in the combined 
ultrasound transmit pulse used for harmonic frequency imaging. 



[0068] 



First and second aaive transducer layers 210, 220 in elements 205 may have the 
same frequency response as corresponding active transducer layers 21 0, 220 in 
symmetrically positioned transducer elements 205 of the array 200. Such an 
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arrangement may obtain frequency variable apodlzation across the array 200 during 
transmission. For example, a linear transducer array may comprise N transducer 
elements 205 with elements positioned at positions 1-N. Assume that the active 
transducer layers of the transducer element 205 at position 1 have the same 
frequency response as the corresponding active transducer layers in the transducer 
element at position N. Assume further that the frequency response of the active layers 
of the transducer element 205 in position 2 and the frequency response of the active 
layers of the transducer element positioned at N-1 are the same. If that pattern of 
equal frequency responses is true for all transducer elements 205 positioned at 1 
through N, then frequency variable symmetric apodlzation across the array 200 during 
transmission is obtained. 

[0069] Transducer elements 205 of the transducer array 200 may comprise circuitry so 
that the transducer array 200 provides at least one of the following: receive 
amplification, receive filtering, receive focusing to signals from the different active 
transducer layers. The delay for focusing may be done digitally or by other methods. 
The transducer array 200 may display signals from each layer separately to provide 
simultaneous display of the same region with different receive beam forming and 
filtering. 

[0070] The transducer array 200 may combine amplified and filtered receive signals 
before display to enhance image quality. The transducer array 200 may combine 
amplified and filtered receive signals before display to enhance other specific signal 
features. Thus the transducer array may for Instance combine amplified and filtered 
receive signals before display to display harmonic frequency generation and imaging 
of contrast agents within tissue. 

[0071 ] The transducer array 200 may, both in transmission and in reception, comprise 

passive circuitry to process a first pulse and a second pulse to have at least one of the 
following prior to being combined into a single pulse: different amplitudes, different 
time delays, and different shapes. 

[0072] The transducer array 200 may be a linear array. Alternatively, the transducer array 
200 may be a two-dimensional array. 
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[0073] While the invention has been described with reference to a preferred embodiment, 
it will be understood by those skilled in the art that various changes may be made and 
equivalents may be substituted without departing from the scope of the invention. In 
addition, many modifications may be made to adapt a particular situation or material 
to the teachings of the invention without departing from its scope. Therefore, it is 
intended that the invention not be limited to the particular embodiment disclosed, but 
that the Invention will include all embodiments falling within the scope of the 
appended claims. 
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